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a b s t r a c t
Two tandem flapping wings in viscous flow were modeled by using the immersed boundary method
for exploration of the aerodynamics of dragonfly in hovering flight. Interaction between the forewing
and the hindwing, and its effect on the lift forces, were examined by varying the phase difference of the
wing motions and the inter-distance of the two wings. Two vortex interaction modes were identified at
different phase differences and inter-distances, which give rise to significant variations of the lift forces.
The first interaction mode increases the lift of the forewing and the second one enhances the lift of the
hindwing. The two modes occur at different time during a flapping period and have different influence
on the lift of wings as the phase difference varies.
© 2015 The Authors. Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and
Applied Mechanics. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).cDuring the past several decades, studies have been carried out
extensively on the aerodynamic performance and flow physics of
insect flight [1–4]. As a four-winged insect, dragonfly possesses the
ability of controlling their flight performance by modulating the
stroke amplitude, frequency and angle of attack of each wing. The
aerodynamic interaction of the wings induces more complexities
of the flightmechanism [5–9]. Froma kinematic study on live drag-
onflies, Alexander [10] observed that the offset in the flappingmo-
tion between the forewing and the hindwing played a significant
role in their flight performance. Azuma andWatanabe [11] pointed
out that dragonflies modulated the forewing and hindwing phas-
ing rather than the flapping frequency, according to their flight
velocity, i.e. the hovering or cruise status. Furthermore, Thomas
et al. [12] proposed mechanisms related to the generation of high-
lift leading edge vortices and the interaction between forewing
and hindwing in the flight of dragonfly. They also claimed that
two-dimensional (2D) simulation is able to present the main fea-
tures of interaction. Maybury et al. [13] investigated experimen-
tally the wing–wake interaction in dragonflies and evaluated in
more details the functional significance of stroke-phase modula-
tion on wake structure, aerodynamic force generation and lift-to-
drag ratio. They also found that the inter-distance of the twowings
has a significant influence on the aerodynamic interaction between
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studies have been rising in recent years due to the fast increase of
computation power. Wang [14] proved that the lift generated by
a 2D hovering insect is enough to support its weight. Wang and
Russell [15] showed that the in-phase flapping generates the max-
imum lift force and is beneficial for takeoff, while the out-of-phase
flapping requires nearly the minimal energy consumption to ob-
tain the required lift force in hovering flight. They also provided a
simple model for explaining the interaction of the two wings with
different phase lags, which neglects the real interaction of vor-
tices shed from the forewing and the hindwing. Moreover, Isogai
et al. [16] performed three-dimensional (3D) simulations of flow
around tandem wings and obtained the total lift force and neces-
sary power. Rival et al. [17] simulated a 2D dragonfly model and
mainly focused on the difference of vortices around the hindwing
and those around a single wing. In brief, the phase lag between
the forewing and the hindwing is the main distinctive feature for
the dragonfly flight, but the underling aerodynamic mechanism
has not been fully understood despite that some efforts have been
madeon this problemasmentioned above. In the present study,we
take the two tandem flapping wings in viscous flow as a 2D model
of the dragonfly in hovering flight. Variations of the lift forces under
different kinematic configurations are examined, and are analyzed
by disclosing the vortex interactions between the forewing and the
hindwing.
A 2D wing model is set as an ellipse shape with the aspect ratio
of 0.1. The kinematics of both the forewing and the hindwing are in
the same form with a phase difference, based on the experimental
iety of Theoretical and Applied Mechanics. This is an open access article under the CC
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Fig. 1. Positions of the forewing and the hindwing during a flapping period for
ψ = 0◦ and d = 2. The downstroke phase is indicated by red and the upstroke
phase by green. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
measurements [14,15]. The center displacements and the angles of
attack of the forewing and the hindwing are governed by
Af(t) = A0/2[cos(2πt/T )+ 1], (1)
Ah(t) = A0/2[cos(2πt/T + ψ)+ 1], (2)
αf(t) = π/4− (π/4) sin(2πt/T + ϕ), (3)
αh(t) = π/4− (π/4) sin(2πt/T + ϕ + ψ), (4)
whereA0 is the stroke amplitude,ϕ is the phase difference between
the wing center displacement and the angle of attack, ψ is the
phase difference between the motions of the forewing and the
hindwing, and the subscripts ‘‘f’’ and ‘‘h’’ denote the forewing and
the hindwing respectively. In the present study, the parameters are
similar to the single wing case [14], i.e. A0 = 2.5, T = 7.85, and
ϕ = 0◦ in the dimensionless form. Here we use the chord length
and the maximum center velocity as the characteristic length andvelocity, respectively. The stroke planes are inclined at different
angles for the forewing and the hindwing, i.e. βf = 53◦ and βh =
44◦ according to Wang and Russell [15]. In the simulations, we fix
the kinematics of the forewing and change the initial state of the
hindwing to obtain different phase lags (ψ) and inter-distances of
the two stroke planes (d), which are varied in the ranges of 0◦ ≤
ψ ≤ 360◦ and 1.6 ≤ d ≤ 2.4, respectively. A schematic of the two
flapping wings is plotted in Fig. 1 for the case ofψ = 0◦ and d = 2.
In order to simulate the flow around the flapping wings, the in-
compressible Navier–Stokes and continuity equations are solved
by the fractional step method in a staggered Cartesian grid system
[18]. The immersed boundarymethod is adopted to enforce the no-
slip condition on the wings’ surfaces, which is capable of solving
flow over complex geometries while retaining the efficiency of the
original flow solver based on the regular mesh. Details and valida-
tions of the numericalmethod can be found in our previous studies
[19,20]. The Reynolds number based on the chord length and the
maximum flapping velocity is set to be 157 as in Wang [14]. The
size of the computational domain is 8×8, and 1024×1024 grids are
used to uniformly discretize the domain. The computational time
step is 0.000785, which results in a CFL number of about 0.1, and
a flapping cycle is divided into 104 steps. It should be pointed out
that the influence of the computational domain boundary is not
fully eliminated by using the current domain size, but the differ-
ence in vortex characters around thewings is negligible with those
in a larger domain, which is the main focus of the present study.
Moreover, the computational results of the second flapping pe-
riod is adopted for analysis in the following. Although aerodynamic
forces on the wings have not been converged at the second period,
the vortex interactions of the tandem flapping wings have formed,
which remain essentially the same as those at a later period.
Figure 2 shows the variations of the mean lift coefficients (CL)
with the phase difference ψ for three different inter-distances,
i.e. d = 1.6, 2.0, 2.4, while the results of the singlewing flapping inFig. 2. Variations of the mean lift coefficients with the phase difference: (a) d = 1.6, (b) d = 2.0, (c) d = 2.4. The results of the single wing flapping in the same inclined
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Fig. 3. Time histories of the lift coefficients of (a) the forewing and (b) the hindwing for different ψ and d = 1.6.
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Fig. 4. Contours of vorticity around the flapping wings at the instants near the lift peaks of (a) the hindwing with ψ = 0◦ , (b) the forewing with ψ = 0◦ , (c) the hindwing
with ψ = 135◦ , and (d) the forewing with ψ = 270◦ .the same inclined stroke planes are also included for comparison.
We can see that the lift coefficients are less varied with ψ as d in-
creases. Although for the single wing case CL of βf = 53◦ is higher
than that of βh = 44◦, for the tandem two flapping wings CL of the
hindwing is generally higher than that of the forewing, because ofthe vortex interactions of the twowings aswill be discussed below.
For d = 1.6 (Fig. 2(a)), the results are similar to Wang and Russell
[15]. The lift of the hindwing reaches itsmaximumatψ = 0◦ and is
nearly independent of the phase difference whenψ ∈ [45◦, 275◦].
The lift of the forewing also shows obvious dependence on ψ ,
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Fig. 6. Contours of vorticity around the flapping wings at the instants near the lift
peaks of (a) both wings with ψ = 0◦ , (b) the forewing with ψ = 135◦ , (c) the
hindwing with ψ = 135◦ , (d) the forewing with ψ = 270◦ , and (e) the hindwing
with ψ = 270◦ . The legend of the vorticity contours is the same as that in Fig. 4.indicating the significant interaction of the two wings. As d in-
creases to d = 2.0 and d = 2.4 (Figs. 2(b) and 2(c)), similar trends
of the lift variations are observed for the two cases. The lift of the
forewing ismaximal atψ = 135◦ and that of the hindwing ismax-
imal at ψ = 270◦. Unlike the d = 1.6 case, the total lift is not
maximal at ψ = 0◦, mainly due to the difference in the lift of the
hindwing.
To see the effect of the phase difference, time histories of the lift
coefficients of both the forewing and the hindwing are plotted in
Fig. 3 for different ψ and d = 1.6, together with the results of the
single wing case, and vorticity contours around the flapping wings
at the instants near the lift peaks in the time histories are displayed
in Fig. 4. It is seen in Fig. 3 that the shape of the single wing case
is consistent with that of Wang’s [14], with two peaks during the
downstroke. An inspection of the flow field indicates that the first
peak is generated by wake capture, while the second one is caused
by the variation of angle of attack. Interestingly, the secondpeak lift
of both the forewing and the hindwing are enhanced as compared
with that of the singlewing case, as a result of the interaction of the
two wings. As shown in Fig. 3(b), the high CL of the hindwing with
ψ = 0◦ can be explained by a long duration of high lift in a period.
At t/T = 0.08 and t/T = 0.20, two peaks in CL are observed,
and the corresponding vorticity fields are seen in Fig. 4(a). At
t/T = 0.08, the hindwing crosses its own wake vortex generated
during the previous upstroke (vortex 3), a mechanism called wake
capture [1]. The second peak at t/T = 0.20 is mainly caused by the
interaction between the forewing and the hindwing. Meanwhile,
the forewing’s lift is also growing to a peak value (Fig. 3(a)). At this
time (Fig. 4(b)), the trailing edge vortex of the forewing (vortex B)
is shedding, and the leading edge vortex of the hindwing (vortex
1) is moving towards vortex B. As a result, vortex B can not be
shed normally, and instead it is attached to the forewing, which
increases the lift force of the forewing and is referred to as the first
interaction mode in the following. Interaction with vortex B also
makes vortex 1 attached to the hindwing, and then weakens the
new leading edge vortex, which increases the lift of the hindwing
and is referred to as the second interaction mode in the following.
At ψ = 135◦, the mean lift of the hindwing is minimal
(Fig. 2(b)), since the duration of the lift peak is much shorter than
theψ = 0◦ case (Fig. 3(b)). The vorticity fields at the instants near
the lift peak are shown in Fig. 4 (c). We can see that the hindwing
captures thewake vortices produced during the previous upstroke,
but the wing–wing interaction is negligible because the distance
of two wings is far. Thus, the high lift status is not durable, unlike
the ψ = 0◦ case. On the other hand, the mean lift of the forewing
is minimal at ψ = 270◦ (Fig. 2(c)), due to the low peak value of
CL (Fig. 3(a)). Similarly, the vorticity fields at the instants near the
lift peak are shown in Fig. 4(d). Compared to the ψ = 0◦ case
(Fig. 4(b)), the interaction between the two wings affects the trail-
ing edge vortex of the forewing (vortex B) differently. As seen in
Fig. 4(d), the vortex B is tilted by the upstroke motion of the hind-
wing, resulting in a reduced lift peak value.
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Fig. 8. Contours of vorticity around the flapping wings at the instants near the lift peaks of the hindwing for ψ = 270◦ and (a) d = 1.6, (b) d = 2.4. The legend of the
vorticity contours is the same as that in Fig. 4.As d increases to 2.0 and 2.4 (Figs. 2(b) and 2(c)), the difference
in the lift coefficients of the twowings is minimal atψ = 135◦ due
to themaximal CL of the forewing, but is maximal atψ = 270◦ due
to the maximal CL of the hindwing. To see more clearly, time his-
tories of CL of the d = 2.0 case are plotted in Fig. 5 for these two
phase differences as well as ψ = 0◦. As shown in Fig. 5(b), CL of
the forewing forψ = 135◦ is the largest at about t/T = 0.1, while
that of the hindwing for ψ = 270◦ reaches maximum at about
t/T = 0.5. The vorticity fields at the instants near the lift peak at
the three phase differences are then examined. Figure 6(a) shows
the interaction between the two wings when they are in phase,
corresponding to the second peak in Fig. 5(a). Herewe do not show
the first peak because the wake capture appears in all three cases
of different d, and we mainly focus on the interaction between the
two wings. Figure 6(b) shows the interaction of the two wings at
the instants near the lift peak of the forewing forψ = 135◦. At this
time, the trailing edge vortex of the forewing (vortex B) and the
leading edge vortex of the hindwing (vortex 1) move in the oppo-
site directions, which enhances vortex B and is the main reason of
the increase ofCL of the forewing.Wealso call it the first interactionmode. From Fig. 6(c) it is seen that the maximal CL of the hindwing
for ψ = 135◦ is caused by the interaction between the trailing
edge vortex of the forewing (vortex C), which is almost completely
shed, and the leading edge vortex of the hindwing (vortex 1). It
is the second interaction mode but is stronger than the ψ = 0◦
case, where we see half of vortex C is combined to the trailing edge
vortex of the hindwing (vortex 2). It enhances vortex 2 and causes
the increase of CL of the hindwing. At ψ = 270◦ (Fig. 6(d)), the
interaction mode corresponding to the lift peak of the forewing is
similar to the ψ = 135◦ case (Fig. 6(b)), but is less distinctive. The
interaction mode corresponding to the lift peak of the hindwing in
Fig. 6(e) is also similar toψ = 135◦ case (Fig. 6(c)), but the trailing
edge vortex of the forewing (vortex C) affects more the hindwing.
Moreover, in Fig. 6(e), the hindwing is almost horizontally moving
downward, which is also a reason for the larger lift of the hind-
wing than the ψ = 135◦ case (Fig. 6(c)). We also checked other
phase differences of the two wings, it was found that these two
interaction modes are always present, but the first mode is most
distinctive at ψ = 135◦ and the second one at ψ = 270◦. For
d = 2.4, the interaction modes are similar to the d = 2.0 case and
C.-M. Xie, W.-X. Huang / Theoretical and Applied Mechanics Letters 5 (2015) 24–29 29are not shown here. Recall that for the d = 1.6 case, both the first
and second interaction modes are most significant at ψ = 0◦. So
the optimal phase difference is dependent on the inter-distance of
the twowings. Nevertheless, the interactionmodes remain similar
before diminishing as the inter-distance becomes large.
A comparison of Figs. 2(a), 2(b) and 2(c) shows that the inter-
distance affects more the lift of the hindwing than the forewing.
Thus, time histories of CL of the hindwing atψ = 0◦ andψ = 270◦
with three different inter-distances are plotted in Fig. 7. Atψ = 0◦
(Fig. 7(a)), CL of the hindwing is close for the three distances. The
most obvious difference occurs at the beginning of the flapping
cycle. Thewake capture and the interaction of the twowings occur
closely in time for d = 1.6, which causes the longer duration of
high lift. In Fig. 7(b), the lift of the d = 1.6 case is much lower
than the other two cases. This phenomenon is caused by the impact
of the trailing vortex of the forewing on the hindwing. As shown
in Fig. 8, the vorticity field corresponding to the lift peak of the
hindwing for d = 1.6 is compared with that for d = 2.4. For
d = 1.6, Fig. 8(a) shows that the hindwing hits the trailing vortex
of the forewing (vortex B) before it is completely shed. On the
contrary, for d = 2.4 (Fig. 8(b)), the hindwing passes the shedding
trailing edge vortex (vortex B), which interacts with the leading
edge vortex of the hindwing (vortex 1). As a result, a higher lift
peak of the hindwing is formed for the larger d at ψ = 270◦.
Aerodynamics of two tandem flapping wings in viscous flow
were simulated as a 2D model of dragonfly in hovering flight by
using the immersed boundary method. Interaction between the
forewing and the hindwing were examined by varying the phase
difference of the wing motions and the inter-distance of the two
wings. The results indicate that the interaction of the two wings
is significant under certain kinematic conditions. As the inter-
distance increases, the lift coefficients of the forewing and the
hindwing, and thus the total lift force, are less variedwith thephase
difference. By examining the vorticity fields around the flapping
wings, several mechanisms were disclosed for the explanation
of the lift enhancement by the vortex–vortex or vortex–wing
interaction. The wake capture is always present regardless of the
inter-distance. The first interaction mode was identified for the
increase of the lift of the forewing by affecting the forewing’s
trailing edge vortex. It was then shown that the second interaction
mode is more complex and is caused by the interaction of the
forewing’s trailing edge vortex and the leading and trailing edge
vortices of the hindwing, which can substantially increase the lift
of the hindwing. The interaction of the two wings affects more the
hindwing than the forewing on their aerodynamic performances.This workwas supported by the National Natural Science Foun-
dation of China (11322221) and Tsinghua University Initiative Sci-
entific Research Program (20131089267).
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